Abstract-Polycrystalline HoBiGeO 5 and ErBiGeO 5 samples have been prepared by solid-state reactions, by firing stoichiometric mixtures of Ho 2 O 3 (Er 2 O 3 ), Bi 2 O 3 , and GeO 2 . The effect of temperature on the heat capacity of the synthesized compounds has been investigated by differential scanning calorimetry in the range 350-1000 K. The experimental C p (T) data have been used to evaluate the thermodynamic functions of bismuth holmium and bismuth erbium germanates: enthalpy increment, entropy change, and reduced Gibbs energy.
INTRODUCTION
The preparation of mixed oxide compounds with the general formula R x Bi 2 -x GeO 5 (R = Y, Sm-Yb; 0 ≤ x ≤ 2) has been described in several reports [1] [2] [3] [4] . The x = 2 compounds are the rare-earth germanates R 2 GeO 5 and the x = 0 compound is the bismuth germanate Bi 2 GeO 5 . It is worth noting that phase equilibrium data for the R 2 GeO 5 -Bi 2 GeO 5 systems are not available in the literature, because the Bi 2 GeO 5 compound is metastable [5, 6] and is missing in the equilibrium phase diagram of the Bi 2 O 3 -GeO 2 system. There are data on the structure [2] [3] [4] , photoluminescence [3, 4] , and optical properties [4] of the R x Bi 2 -x GeO 5 compounds, but thermophysical data are available only for YBiGeO 5 , GdBiGeO 5 [7] , and SmBiGeO 5 [8] . To more accurately assess phase equilibria, data on the thermodynamic properties of such compounds are needed.
The objectives of this work were to study the hightemperature heat capacity and determine the thermodynamic properties of HoBiGeO 5 . Next, stoichiometric oxide mixtures were ground in an agate mortar and pressed into pellets, which were then sequentially fired in air at 1003, 1073, 1123 (20 h at each temperature), 1143 (910 h), and 1223 K (100 h). To drive the solid-state reactions to completion, the pellets were reground and re-pressed every 10 h.
The phase composition of the samples thus prepared was determined by X-ray diffraction on a PANalytical X'Pert Pro MPD diffractometer (Netherlands) with CoK α radiation [7, 9] . The X-ray diffraction patterns of single-phase bismuth holmium germanate and bismuth erbium germanate samples are presented in Fig. 1 .
Heat capacity was measured using a Netzsch STA 449 C Jupiter thermoanalytical system and lidded platinum crucibles. The measurement procedure was described in detail elsewhere [10] . The experimental data were analyzed using the Netzsch Proteus Thermal Analysis software package and licensed Systat Sigma Plot 12 graphing software (Systat Software Inc, United States). Table 1 compares the unit-cell parameters of the HoBiGeO 5 and ErBiGeO 5 (sp. gr. Pbca) obtained in this study with those reported by Cascales and Zaldo [4] . It is seen that the present results are in reasonable agreement with the previously reported data [4] . Figure 2 illustrates the effect of temperature on the heat capacity of HoBiGeO 5 and ErBiGeO 5 . It is seen that, with increasing temperature, the C p of both compounds rises systematically and there are no anomalies in the C p (T) curves. This can be interpreted as evidence that neither HoBiGeO 5 nor ErBiGeO 5 undergoes any polymorphic transformations in the temperature range studied. The present heat capacity data are well represented by the Maier-Kelley equation (1) which has the following form for HoBiGeO 5 and ErBiGeO 5 , respectively:
RESULTS AND DISCUSSION
The maximum deviation of the measured heat capacity from the values calculated by Eqs. (2) and (3) is 0.60 and 0.64%, respectively. The correlation coefficients for these equations are 0.9991 and 0.9976, respectively. Table 2 . It is worth noting that, above 700 K, the C p values obtained exceed the Dulong-Petit limit 3Rs, where R is the gas constant and s is the number of atoms per formula unit (s = 8 for RBiGeO 5 ).
Using Eqs. (2) and (3) in combination with wellknown thermodynamic relations, we evaluated the thermodynamic functions of HoBiGeO 5 and ErBiGeO 5 : enthalpy increment H°(T) -H°(350 K), entropy change S°(T) -S°(350 K), and reduced Gibbs energy Ф°(Т). The results are presented in
In analyzing the properties of the rare-earth elements and their compounds, it is common practice to take into account the tetrad effect, dividing the rare earths into four groups: La-Nd, Pm-Gd, Gd-Ho, and Er-Lu [11] . As shown earlier [12] , the specific heat of various rare-earth-based oxide compounds (cuprates, orthovanadates, and garnets) varies systematically with the ionic radius of the rare-earth elements within each tetrad. The data in Fig. 3 demonstrate that, on the whole, there is such a correlation for the RBiGeO 5 compounds as well. The data were taken from Ref. [13] for R 2 O 3 and Refs. [7, 14] for GdBiGeO 5 . The data for the other compounds were obtained by us. The ionic radii were borrowed from Shannon [15] .
The present heat capacity data for HoBiGeO 5 and ErBiGeO 5 cannot be compared to previously reported results because no heat capacity data for these compounds are available in the literature. This can be done using the Neumann-Kopp rule [13] , (4) where is the specific heat of a mixed oxide compound, is the specific heat of the ith constituent binary oxide, and m i is the mole fraction of the corresponding binary oxide, or by the Kumok method [16] . The heat capacity calculated by Eq. (4) for HoBiGeO 5 and ErBiGeO 5 is 0.38 J/(g K), which slightly exceeds the experimentally determined 0.32 J/(g K). The data for Ho 2 O 3 , Er 2 O 3 , Bi 2 O 3 , and GeO 2 necessary for calculation were borrowed from Leitner et al. [13] . According to Reznitskii [17] , both positive and negative deviations from the NeumannKopp (additivity) rule reflect changes in the vibrational frequencies of atoms in a mixed oxide compound in comparison with its constituent binary oxides. At the same time, calculations for these compounds by the Kumok method yield a value approaching the experimentally determined one: 0.31 J/(g K).
CONCLUSIONS
The high-temperature heat capacity of HoBiGeO 5 and ErBiGeO 5 has been determined by differential scanning calorimetry in the range 350-1000 K. It has been shown that the temperature dependences of heat capacity for these compounds are well represented by the classic Maier-Kelley equation. The experimental C p (T) data have been used to evaluate the thermodynamic functions of HoBiGeO 5 
